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Abstract 
Here, we report the synthesis and characterization of sulphur-substituted iron 
telluride i.e. FeTe1-xSx; (x = 0-30 %) system and study the impact of low temperature 
oxygen (O2) annealing as well. Rietveld analysis of room temperature x-ray diffraction 
(XRD) patterns shows that all the compounds are crystallized in a tetragonal structure 
(space group P4/nmm) and no secondary phases are observed. Lattice constants are 
decreased with increasing S concentration. The parent compound of the system i.e. FeTe 
does not exhibit superconductivity but shows an anomaly in the resistivity measurement 
at around 78 K, which corresponds to a structural phase transition. Heat capacity Cp(T) 
measurement also confirms the structural phase transition of FeTe compound. 
Superconductivity appears by S substitution; the onset of superconducting transition 
temperature is about 8 K for FeTe0.75S0.25 sample. Thermoelectric power measurements 
S(T) also shows the superconducting transition at around 7 K for FeTe0.75S0.25 sample. 
The upper critical fields Hc2(10%), Hc2(50%) and Hc2(90%) are estimated to be 400, 650 
and 900 kOe respectively at 0 K by applying Ginzburg Landau (GL) equation. 
Interestingly, superconducting volume fraction is increased with low temperature (200 
o
C) O2 annealing at normal pressure. Detailed investigations related to structural (XRD), 
transport [S(T), R(T)H], magnetization (AC and DC susceptibility) and thermal [Cp(T)] 
measurements for FeTe1-xS:O2 system are presented and discussed.  
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Introduction 
 
The discovery of the iron-based layered superconductor LaFeAs(O1-xFx) having 
critical temperature (Tc) of 26 K reported by Kamihara et al. had a great impact to 
researchers in condensed-matter physics [1]. The Tc was raised by applying pressure 
(Tc
onset
 = 43 K) [2] or substitution of smaller rare earth ion for the La site (Tc = 55 K for 
SmFeAsO1-xFx) [3]. Soon after these discoveries, researchers reported three other crystal 
structure types of layered Fe compounds to be superconducting, including Ba1−xKxFe2As2 
[4], Li1−xFeAs [5] and FeSe [6]. These materials share common structural square layers 
with Fe coordinated with either a pnictogen or a chalcogen. After the discovery of 
superconductivity in FeSe, it was natural to ask whether chemical substitutions, either to 
the Se-site or the Fe-site, have any effects on Tc. The Tc of FeSe is increased up to 15 K 
by partial substitution of Te or S for Se and it is also increased up to ~27 K by applying 
hydrostatic pressure of 1.48 GPa [7-10]. Density functional calculations for FeS, FeSe 
and FeTe indicated the strength of spin density wave (SDW) in FeTe and the possibility 
higher Tc in doped FeTe or Fe(Se,Te) alloy than FeSe [11]. Tetragonal FeSe is a 
superconductor with a transition temperature Tc of 8 K and shows enhancement of Tc 
with applying pressure. Tetragonal FeTe is structurally analogous to superconducting 
FeSe, but does not show superconducting transition and rather it undergoes a structural 
phase transition from tetragonal to orthorhombic at around 80 K [8, 12]. It is observed 
that the phase transition depends upon the excess-Fe concentration into the compound. If 
the excess-Fe concentration are low the structural transition would be tetragonal to 
monoclinic [13,14]. No sign of superconductivity was found in FeTe system after 
applying the pressure of 1.6 GPa, however structural phase transition temperature shifted 
to lower temperature [15]. Okada et al. demonstrated that unlike in FeAs-based 
compounds, no superconductivity was detected at high pressures of even up to 19 GPa in 
FeTe0.92, although the 80K anomaly at atmospheric pressure was suppressed by applying 
pressure [16]. In any case, it appeared that chemical pressure in Fe-Te layer might still 
induce superconductivity in this system. Mizuguchi et al. used the same idea and 
observed the superconductivity at about 10 K in sulphur (S) substituted FeTe [17]. 
Further, with exposing the FeTe0.8S0.2 sample to the humid air, the zero resistivity 
temperature Tc
zero
 and the superconducting volume fraction were enhanced up to 7.2 K 
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and 48.5 %, respectively [18]. The process took several days of humidity exposure [18]. 
Recently same authors also reported the evolution of superconductivity by oxygen 
annealing for several hours at low temperatures [19].  
We report here the synthesis and induction of superconductivity by sulphur (S) 
substitution in FeTe1-xSx system. We obtained superconductivity with Tc of up to 8 K for 
10-30% doping levels. Since S has a smaller ionic radius than Te, the Te site S 
substitution creates chemical pressure in the unit cell and the superconductivity appears. 
The upper critical field of the FeTe1-xSx is estimated of up to 900 kOe. Further, the 
superconducting volume fraction is increased with low temperature O2 annealing.  
Interestingly, the present situation is different from that reported in ref. 18, our samples 
are not exposed to air for several days, but we annealed the samples in O2 atmosphere at 
200 
o
C only for 12 hours as suggested by Mizuguchi et al. [19] and comparable results 
are obtained.  
 
Experimental 
Polycrystalline samples of FeTe1-xSx; (x = 0-30%) were synthesized by the solid-
state reaction route. The stoichiometric ratio of high purity (>3N) Fe, Te and S were 
ground, palletized and encapsulated in an evacuated quartz tube. The encapsulated tube 
was then heated at 750 
o
C for over 24 hours and slowly cooled to room temperature. 
Sintered pellets were again ground, pelletized in a rectangular shape, sealed in an 
evacuated quartz tube and re-sintered at 750 
o
C for 12 hours. As synthesized FeTe1-xSx 
samples were further annealed in flow of O2 at 200 
o
C for 12 hours and cooled to room 
temperature. The X-ray diffraction patterns of the samples were obtained with the help of 
a Rigaku diffractometer using CuKα radiation. All physical property measurements 
including magneto-transport R(T)H, thermoelectric power S(T), heat capacity Cp(T)H and 
magnetization (AC and DC) were carried out using Quantum Design PPMS (Physical 
Property Measurement System).  
 
Results and Discussion 
The room temperature X-ray diffraction (XRD) pattern for FeTe1-xSx; x=0.0, 0.10, 
0.25 & 0.30 samples along with their Rietveld analysis are presented in Figure l(a). The 
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structure of FeTe1-xSx for all the compositions of x was refined with the tetragonal space 
group P4/nmm (space-group no.129). Fe is located at coordinate position (¾, ¼, 0) and 
Te/S at (¼, ¼, z) in FeTe1-xSx compounds. All the compounds are crystallized in a 
tetragonal structure and no secondary phases are observed. The lattice constants, volume 
of unit cells, 'z' coordinates of Te/S and Rietveld refinement parameters are listed in 
Table 1. Both lattice parameters 'a' and 'c' decreased monotonically with increasing 
nominal S content due to the substitution of S at Te site. The lattice parameter 'a' and 'c' 
are 3.821(9) and 6.285(5) Å for FeTe and the same are reduced to 3.805(7) and 6.224(2) 
Å for FeTe0.70S0.30 compound respectively. Variation of lattice parameters and cell 
volume (V) with increasing S content is shown in Figure 1(b). 
Figure 2 represents the temperature dependence of resistance for FeTe and 
FeTe0.75S0.25. For FeTe no sign of superconductivity is observed but an anomaly is 
observed at around 78 K, which corresponds to a structural phase transition (marked by 
arrow in Figure 2) [8,9,12,13,18]. On the other hand superconductivity is clearly 
observed in S substituted FeTe samples at low temperature below 10 K. More 
specifically, the Tc
onset
 and Tc
R→0
 are at ~10.0 and 5.5 K respectively for FeTe0.75S0.25 
sample. The 78 K anomaly in resistivity measurements of FeTe also exhibits sufficient 
hysteresis of up to 6-10 K in cooling and warming cycles of R(T) measurements. One can 
presume that the R(T) anomaly occurs close to say 70 K in FeTe. In order to study the 
nature of 78 K anomaly for FeTe, we further performed specific heat measurement under 
magnetic fields of 0, 7 and 14 Tesla, and the results are shown in inset of Figure 2. The 
absolute value of CP at 200 K is around 57 J/mol-K. As the temperature is decreased 
further the CP goes down continuously. A distinct hump/kink is seen in CP(T) at around 
69 K for zero field. Interestingly this is nearly the same temperature, where the metallic 
step is observed in R(T) at zero-field.  Further, it is found that neither hump position nor 
magnitude of Cp changes in presence of applied magnetic fields of up to 14 Tesla. This 
means that after applying the magnetic field of as high as 14 Tesla the CP hump is yet 
observed at the same temperature having the same magnitude. It is more likely that the 
CP(T) anomaly at around 70 K is  mainly due to the reported structural phase transition 
and possible contribution of any magnetic state such as SDW is very less. Further, the 
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structural phase transformation is quite robust, as the same is not altered even slightly 
under as high as 14 Tesla applied field.  
The temperature dependence of thermoelectric power S(T) for  superconducting 
FeTe0.75S0.25 sample is shown in Figure 3. The absolute value of S is negative, which 
indicates towards the electron type conductivity in this system. The room temperature 
thermoelectric power S
300K
 is around 16 V/K. Superconducting transition (Tc) is seen as 
S=0 at ~7 K, which confirms the occurrence of superconductivity in this sample. A small 
upside hump is also seen before onset of superconductivity. The S(T) results of 
FeTe0.75S0.25 sample clearly shows that the compound is superconducting below 7 K and 
has electrons as majority charge carriers.  
The AC susceptibility, χ = χ ′ + χ ′′, in the absence of DC magnetic field is 
measured in a polycrystalline sample of FeTe0.75S0.25 to probe the details of magnetic and 
superconducting transitions. Figure 4 represents the plot of real (M') and imaginary (M") 
components of AC susceptibility as a function of temperature obtained at the frequencies 
33, 333, 999, 3333, 6666 & 9999 Hz at AC drive field amplitude of 10 Oe. Real part of 
AC magnetization (M') shows the superconducting onset temperature at ~7 K for all the 
frequencies, which is same as being observed in R(T) and S(T) measurement respectively 
in Figures 2 and 3 for the same sample. The M'(T) curves do not show the typical two-
step transition due to coupling (Inter-grain, at low T) and intrinsic (intra-grain, near Tc) 
response [20-22]. Only a well-defined coupling (inter granular) peak is observed for all 
the frequencies in the imaginary component of susceptibility (M”) at a characteristic 
temperature Tp. This peak arises when the AC field penetrates through the intergranular 
region just to the center of the sample. On increasing the frequency, the peak intensity 
increases a little but almost there is no change in peak temperature (Tp). 
The temperature variation of the AC susceptibility measured at different AC drive 
field amplitudes 0.1, 0.5, 1, 2 & 4 Oe of FeTe0.75S0.25 sample is shown in Figure 5. The 
diamagnetic onset temperature is ~ 7 K for all the fields i.e. it is constant at different 
fields. It can be noticed that here also the AC susceptibility data  
show only the coupling (inter-granular) peak i.e. intrinsic (intra-granular) peak is not 
present in the figure for all the values of AC field amplitudes. The enlarged view of M" 
data at 0.1 Oe is shown in the inset of Figure 5. In the imaginary (M") components of AC 
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susceptibility the inter-granular peak temperature Tp decreased from 5.4 K to 2.5 K, when 
the applied field amplitude is increased from 0.1 Oe to 2 Oe. It is also noted that values of 
maximum M"(Tp) is increasing monotonically with increasing field.  
The absence of intrinsic (intra-granular) peak at near Tc region suggests that the 
grains are well diffused in the sample even at the frequency of 9999 Hz and the field of 4 
Oe. This implies that coupling between the grains is strong enough and de-coupling of 
grains in the polycrystalline FeTe0.75S0.25 sample does not take place at this magnitude of 
AC field and of frequency. This is unlike the HTSc and oxy-pnictides [20-24].   
Though the bulk superconductivity is confirmed by onset of diamagnetism in real 
part of AC susceptibility (M') but the signal is weak and apparently broad as well. This 
behavior is an indication of low volume fraction weak superconductivity of the studied 
system. The superconducting volume fraction of the studied FeTe1-xSx system could be 
increased after annealing the same samples in O2 flow at 200 
o
C; the results will be 
presented and discussed in next sections.      
In order to determine the upper critical field of the FeTe0.75S0.25 sample R(T) 
curves are measured under different magnetic fields of up to 110 kOe. The 
superconducting transition zone of R(T)H measurements is shown Figure 6. The upper 
critical field is determined using different criterion of Hc2=H at which =90%N or 
50%N or 10%N where N is the normal resistance or resistivity at about 10 K. The Hc2 
variation with temperature is shown in upper inset of Figure 6. To determine Hc2(0) 
value, we applied Ginzburg landau (GL) theory. The GL equation is: 
Hc2(T)= Hc2(0)*(1-t
2
)/(1+t
2
) 
Where t=T/Tc is the reduced temperature [25]. The fitting of experimental data is done 
according to the above equation, which not only determines the Hc2 value at zero Kelvin 
[Hc2(0)] but also determines the temperature dependence of critical field for the whole 
temperature range. Hc2(10%), Hc2(50%) and Hc2(90%) are estimated to be 400, 650 and 
900 kOe respectively at 0 K. The results are plotted in inset of Figure 6. Mizuguchi et al. 
[17] also estimated the upper critical field for FeTe0.8S0.2 at 0 K [Hc2(0)] not by applying 
the GL equation but from the linear extrapolation of Hc(T) plots. They estimated values 
of [Hc2(0)] i.e. ~ Hc2(onset), Hc2(midpoint) and Hc2(zero) of 102, 78, 56 Tesla in 
comparison to present case. 
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It is interesting that though the AC magnetization results (Figure 4 & 5) indicate 
towards the weak superconductivity in terms of low volume fraction, the R(T)H 
measurements (Figure 6) yet give reasonably high Hc2(0). To overcome the low 
superconducting volume fraction situation, we followed the low temperature O2 
annealing route as suggested by Mizuguchi et al. [19].  The results of both DC and AC 
susceptibilities for these O2 annealed FeTe1-xSx:O2 samples are presented in Figures 7(a) 
and 7(b) respectively. Superconductivity is observed in both FC (field-cooled) and ZFC 
(zero-field-cooled) situations at transition temperature (Tc) around 8.5 K. Interestingly, Tc 
is nearly same for various FeTe1-xSx:O2 samples with x ranging from 0.10 to 0.30. Te site 
S substitution provides the chemical pressure to unit cell and hence the appearance of 
superconductivity. It is seen from lattice parameters variation (Fig. 1(b)) that S 
monotonically substitutes at Te site till x =0.30 and no un-reacted lines are seen in XRD 
(Fig.1(a)). May it be that Tc saturates around 10 K with application of chemical pressure 
beyond x =0.10. This is true for the results reported by Mizuguchi et al. as well; they 
found same Tc in magnetization measurements for FeTe0.9S0.1 and FeTe0.8S0.2 samples 
[17].  In the absence of the superconductivity in FeTe system under possible applied 
physical pressures [15,16], it is difficult to cross check if Tc of this system could saturate 
above a certain chemical pressure. For now what appears is that Tc of FeTe1-xSx remains 
nearly invariant at close to 10 K for x = 0.10 to say 0.30 [ref. 18 and present study].  The 
only difference is to be noted that with increasing value of x though Tc is nearly same, but 
the superconducting volume fraction is seemingly maximum for x = 0.30 sample and the 
same is least at both ends, i.e., for x = 0.10.. This is inter comparative estimate only as 
adjudged from the ZFC signal, which consists of both the superconducting (Meissner) 
and shielding (non dissipating current on surface) contributions. Infact the FC signal 
(Meissner only contribution) is quite small and overlapping with each other near base line 
and hence we compared the ZFC signal. The exact estimation of superconducting volume 
fraction in a superconductor is tricky due to presence of pinning centers etc. within the 
intrinsic superconductor. At this juncture we only conclude that comparatively the x=0.30 
sample possesses higher superconducting volume fraction than other samples.  
AC susceptibility of 200 
o
C annealed FeTe1-xSx:O2 system samples is shown in 
Figure 7(b). Both the real and imaginary parts of AC susceptibility clearly exhibit the 
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bulk superconductivity at around 9 K. All samples have nearly same Tc values but with 
different volume fractions. The trend is same as seen for DC susceptibility in Figure 7(a) 
i.e., volume fraction is maximum for x = 0.30 and least for x =0.10.  Now to check the 
impact of post O2 annealing, we intercompare the results of Figure 7(b) with that of 
Figure (4 & 5), i.e. without O2 annealing. It is clear that the volume fraction of 
FeTe0.75S0.25 sample is increased after O2 annealing. Also there seems to be an increase in 
Tc as well, although marginally of around 1 K only. This clearly indicates that volume 
fraction of weakly superconducting FeTe0.75S0.25 sample is improved after O2 annealing.  
The exact role of O2 annealing is not yet understood, except that there is slight decrease 
in volume suggesting towards the chemical pressure [18,19]. May it be that some S ions 
are substituted by O at 200 
o
C or may remain at interstitial sites? In any of the case, post 
O2 annealing improves superconductivity of FeTe1-xSx. In fact in a very recent article 
superconductivity in FeTe1-xSx has been induced by alcohol as well [26]. The exact role 
of low temperature O2 annealing or alcohol etc. is not yet understood. In the present 
article we report that to improve the superconductivity of FeTe1-xSx, one need not to 
necessary expose the samples to humidity for several days or anneal in O2 for 100s hours, 
but the same could be achieved by just 12 hours annealing in O2 at 200 
o
C.   
  
Conclusion 
We obtained the superconductivity in FeTe system by S substitution at Te site. 
The S substitution induced the superconductivity and suppressed the structural phase 
transition in the parent compound. The S substitution creates a positive chemical pressure 
in FeTe parent compound, which is responsible for the appearance of superconductivity 
in S substituted samples. The superconductivity of FeTe1-xSx is further improved by post 
O2 annealing at 200 
o
C.  Interestingly, dissimilar to several day humidity exposures [18] 
or long hours (100’s) annealing; half a day low temperature (200 oC) O2 post annealing 
has improved the superconductivity of FeTe1-xSx quite significantly and results are 
comparable to previous reports [18,19].   
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Figure Captions: 
 
Figure 1(a): The observed (red dots), calculated (solid line) and differences x-ray 
diffraction (bottom solid line) profiles at 300 K for FeTe1-xSx; x=0.0, 0.10, 0.25 & 0.30. 
 
Figure 1(b): Variation of lattice parameters and cell volume with sulphur (S) content. 
 
Figure 2: Temperature dependence of the resistance R(T) for FeTe and FeTe0.75S0.25 
samples measured in 0 kOe field, inset shows the heat capacity variation with 
temperature Cp(T) in zero-field, 7 and 14 Tesla field of FeTe sample. 
 
Figure 3: Variation of thermoelectric power with temperature S(T) for FeTe0.75S0.25 
sample. 
 
Figure 4:  Plot of real (M') and imaginary (M") components of AC susceptibility as a 
function of temperature at the frequencies 33, 333, 999, 3333, 6666 & 9999 Hz for fixed 
amplitude of 0.5 Oe of FeTe0.75S0.25 sample.  
 
Figure 5:  Variation of real (M') and imaginary (M") components of the AC susceptibility 
versus temperature, measured in the FeTe0.75S0.25 sample at the AC field amplitudes 0.1, 
0.5, 1, 2 & 4 at a fixed frequency 333 Hz and inset shows the enlarge view of M" versus 
T  at 0.1 Oe for the same sample. 
 
Figure 6: Temperature dependence of the resistance R(T)H of FeTe0.75S0.25 sample 
measured in fields up to 110 kOe and inset shows the Hc2 vs T plots derived from R(T)H 
plots using Ginzburg landau (GL) equation. 
 
Figure 7(a): Temperature dependence of the DC magnetization of FeTe1-xS:O2 samples. 
 
Figure 7(b): Temperature dependence of real and imaginary part of AC susceptibility 
measured under applied field of 10 Oe for FeTe1-xS:O2 samples. 
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Table1: The lattice constants, volume of unit cells, 'z' coordinates of Te/S and Rietveld 
refinement parameters for FeTe1-xSx (x= 0.0 - 0.30) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S.No Sample a (Å) c (Å) V (Å
3
) Z(Te/S) Rp(%) Rwp(%) χ
2 
1. x = 0.0 3.821(9) 6.285(5) 91.765(23) 0.2822(35) 3.85 5.47 2.33 
2. x = 0.05 3.813(4) 6.257(6) 90.988(19) 0.2830(27) 3.47 4.84 2.09 
3. x = 0.10 3.811(9) 6.239(3) 90.617(13) 0.2838(33) 4.10 5.21 2.36 
4. x = 0.15 3.809(1) 6.237(6) 90.488(26) 0.2843(56) 3.10 4.01 1.72 
5. x = 0.20 3.808(7) 6.229(1) 90.317(14) 0.2853(43) 4.01 5.11 2.67 
6. x = 0.25 3.806(9) 6.226(4) 90.189(19) 0.2864(29) 3.47 4.69 2.41 
7. x = 0.30 3.805(7) 6.224(2) 90.103(20) 0.2878(49) 4.22 5.43 3.34 
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